Introduction
The concept of pH windows leading to "off-on-off " fluorescence was discussed by A. P. de Silva and co-workers a few years ago. [1] Their basic idea consisted of the connection of an amine to a fluorophoric anthracene unit on one side and to a pyridine moiety on the other. At acidic pH values the amino and the pyridine groups are protonated and a photoinduced electron transfer (PET) occurs from the π-π* excited state of the anthracene to the protonated pyridinium unit, leading to quenching of the fluorescence. However, at high pH values, where the amino group is not protonated, PET alternatively takes place from the amine lone pair to the same excited state of the fluorophore, yielding the same inhibitory effect on the fluorescence. Between these two pH values, there is a pH window where PET does not take place and fluorescence emission is observed. Based on this idea, A. P. de Silva et al. have developed several related "off-on-off " fluorescent systems combining anthracene, pyridine and amino groups. [2, 3] On the same lines, S. A. de Silva et al. have reported a system containing two pyridine units and one anthracene fluorophore, all of them connected to a tertiary nitrogen through methylenic groups, that is able to display on-off-on behaviour in the presence of Zn 2+ in methanol/water. [4] Fabbrizzi et al. [5] have also reported a related tweezer that has anthracene and a twoamine, two-pyridine system which displays off-on-off fluorescent behaviour in water/acetonitrile both when free and when coordinated to Zn 2+ . More recently, S. A. de Silva has shown the influence of sodium and protons on the on-offon behaviour of a system built up by a 15-membered crown ether, anthracene and anabasine in methanol. The on state is only achieved when the system is monoprotonated in the presence of Na + . [6] In this paper, we present a tweezer system that works in water and exhibits an optimised pH window. With this purpose, we have prepared a compound consisting of a triamine chain functionalised at both of its termini with 4-picolyl units and at its central nitrogen with a methylnaphthyl fragment (L, Scheme 1). The binding of metal ions like Scheme 1. Drawing of the ligands relevant to the discussion of this work. L is studied here.
Zn
2+ to the polyamine chain can give rise to metal complexes that are able to present fluorescence pH windows with improved "off-on-off " performance and a narrower pH range. In addition, Zn 2+ is a very interesting metal ion from a biochemical point of view due to its presence in the active site of many hydrolytic enzymes and its involvement in processes that take place in the central nervous system. [7] [8] [9] [10] [11] [12] [13] Thus, the ability to sense Zn 2+ at physiological pH is an attractive goal. As the characteristics of the system reported here make it a promising candidate in this respect, we have explored this possibility.
Results and Discussion

Synthesis
L was synthesised in a four-step procedure (Scheme 2) that includes: i) protection of N 1 -(2-aminoethyl)ethane-1,2-diamine with phthalate groups to avoid the alkylation of the secondary amino groups, [14] ii) alkylation of the central nitrogen by nucleophilic attack with (bromomethyl)naphthalene, [12] [13] [14] [15] [16] iii) deprotection of the phthalate groups with hydrazine in ethanol to give the free alkylated polyamine, which precipitated as its hydrochloride salt, and iv) condensation of the polyamine with 4-pyridinecarbaldehyde in a 1:2 ratio to obtain the imine of L, which was reduced in situ with NaBH 4 . Finally, L was precipitated as its hydrochloride salt by addition of aqueous HCl to an ethanolic solution of L.
Protonation Behaviour
The protonation constants of tweezer L at 298.1 ± 0.1 K in 0.15  NaCl by pH-metric titration, determined using the program HYPERQUAD, [17] are shown in Table 1 . There are several points of interest to be noted. First, the number of protonation constants found (five) indicates that all the protonable groups in the compound undergo protonation in the pH range of study. As discussed below, the first two protonation processes, which mainly affect the secondary amino groups, are rather low in comparison with saturated triamines like 1,4,7-triazaheptane (dien) [18] or with respect to analogous polyamines functionalised with benzene rings at both of their termini instead of pyridine. [19] This detrimental effect on the basicity can be ascribed to the electron-withdrawing characteristics of pyridine, which cause the adjacent nitrogen atoms to be less negatively charged. On the other hand, it is well-known that tertiary nitrogen atoms are less basic in water than secondary ones due to solvation effects. [20] Therefore, the presence of the methylnaphthyl group at the central nitrogen also contributes to the low overall basicity displayed by L. The pH-dependent absorption spectra of compound L are presented in Figure 1A . The two contributions from the pyridine and naphthalene chromophores can easily be detected: the pyridine shows an absorption band at around 255 nm whose intensity increases upon protonation, whereas the naphthalene contribution is pH independent and appears as a maximum at approximately 275 nm. Observation of Figure 1A shows that there is little broadening (or extended tail) of the naphthalene absorption (above 300 nm). This presumably suggests little formation (but not absence) of a pre-formed charge-transfer complex (CT complex, also commonly know as an electron donor-acceptor complex), [21] which would result from the interaction between the electron-donating moiety (pyridine) and the electron-accepting species (naphthalene).
Fluorescence emission spectra as a function of pH are shown part B of Figure 1 . As mentioned above, protonation of the pyridine units leads to an increase of the absorption intensity. Since there are five basic centres in L, all of them − the two secondary amino groups, the tertiary one at the centre of the chain and both pyridine nitrogens − will be protonated in H 5 L 5+ . The spectroscopic data suggest that both pyridine units are also protonated in H 4 L 4+ , and that even in H 3 L 3+ the proton should still interact with the pyridine units as no significant decrease in the absorption maximum is observed for the three more protonated species. The 1 H NMR spectroscopic data also support this average protonation sequence, since the greatest downfield shifts of the pyridine protons Py2 and particularly Py3 (see Scheme 1 for the labelling; ∆δ = 0.1 and 0.5 ppm, respectively) occur from pH 6.0 to 4.0, corresponding to the protonation of H 2 L 2+ to give H 3 L 3+ (see Figure S1A in the Supporting Information).
However, the most remarkable aspect to note in the emission spectra of compound L (Figure 1, B) is the additional band at longer emitting wavelengths. In fact, this emission exhibits the well-known characteristics of an exciplex as it is broad, structureless and red-shifted. The existence of a double exponential law (see below) is compatible with the existence of a "monomer" species (naphthalene emission) in equilibrium with an exciplex-like structure involving the naphthalene and one of the pyridine units. This is likely to be the case, because in a similar previously studied compound we found the coexistence of the emission of a monomer and an excimer formed by two naphthalenes. [22] In that case the macrocyclic structure studied also possessed pyridine units, yet the maximum emission wavelength occurred at 400 nm. This is in contrast with the 443 nm maximum found with the present system. It also excludes intermolecular interactions as the origin of this band. Moreover, since there is no formal difference between a relaxed CT excited state of an electron donor-acceptor complex and an exciplex, it is not easy sometimes to distinguish between the two. [21] However, in systems where CT contributions are reported, the presence of CT band leads to a visible colour of the solutions in contrast with colourless solutions where CT is absent, [21] which is reflected by the appearance of a tail at longer wavelengths. In the present case no such band is observed. Moreover, it can be seen that the absorption tail does not display a significant change with the pH, which clearly points to a lower contribution of a CT state. The possibility of formation of a charge-transfer excited state, as observed, for instance, in dendrimers functionalised at the periphery with naphthylsulfonamide units, [23] between the excited naphthalene and the amine units could potentially explain the emission of this structureless longemission band. However, this is not likely to explain the present situation, since a similar band is not observed with analogous compounds containing a single naphthalene unit and an amine chain. [24, 25] In fact, macrocyclic structures possessing a single naphthalene unit and polyaminic chains (with different sizes) have been shown to display only the naphthalene monomer emission. [24] Based on the considerations above, we therefore felt confident enough to attribute the long-wavelength emission band as being due to an exciplex-type species.
Inspection of part C of Figure 1 shows that the decrease in the absorption (deprotonation of the pyridines) and the increase in the fluorescence emission occur simultaneously. This result can be ascribed to an electron transfer quenching from the excited naphthalene to the protonated pyridine rings. [1] [2] [3] [4] [5] [6] On the other hand, the sharp decrease of fluorescence observed at higher pH values can be explained by the well-established quenching by electron transfer from the lone pairs of the amines to the naphthalene fluorophore. [24] It is interesting to note that although a higher fluorescence emission intensity should, in principle, be expected for the H 2 L 2+ species, the most emissive species is HL + . One plausible explanation could be that the two protons in H 2 L 2+ , due to their mutual repulsion, should be principally located at the two terminal nitrogens. [20, 26] Therefore, the central nitrogen will be free at this stage for the quenching of the neighbouring excited naphthalene. However, the proton in HL + will be more shared between the secondary and the tertiary nitrogens due to the absence of charge-charge repulsion. The 1 H NMR spectroscopic data support this explanation. First, although the signal of the proton labelled as Pyb, which is placed in the α-position with respect to the secondary amino groups, [9] shifts downfield throughout all the pH range, it experiences its greatest downfield shift in the pH range 9-7, where the first two protonations occur (∆δ = 0.3 ppm). This supports the involvement of the secondary amino groups in such protonation steps. On the other hand, the 1 H signal of Nb also undergoes a slight downfield shift (∆δ = 0.12 ppm) on going from pH 9.0 to 7.5, corresponding to the first protonation step, which suggests that the first proton binding L is also shared by the tertiary nitrogen atom.
The off-on-off behaviour of L is depicted in Scheme 3. This "off-on-off " behaviour of the fluorescence emission of compound L, however, presents some disadvantages as the fluorescence emission quantum yields are very low and the pH width of the window is very large. A much better performance can be achieved with the Zn II complexes of compound L (see below).
The speciation studies for the system Zn 2+ -L carried out by pH-metric titration at 298. stants for these species are collected in Table 2 and the distribution of the species with pH is shown in Figure 2 .
The most noticeable observation is the low stability displayed by these complexes. The stability constant of the [ZnL] 2+ complex is clearly lower than that presented by the open-chain polyamine 1,4,7-triazaheptane (log K = 8.8) [18] or that of a related ligand with both of its terminal nitrogens functionalised with naphthylmethyl groups (log K = 8.25). [27] This low stability can be ascribed to the electronwithdrawing characteristics of the pyridine rings and to the poor σ-donor character of the central tertiary nitrogens. This low constant leads to a ready hydroxylation of two water molecules that would serve to complete the coordination sphere of the metal ion. In fact, the pH range of formation of the dihydroxylated species overlaps that of the monohydroxylated and of the neutral species. This low stability also means that, as might be expected, the pyridine rings do not participate in the coordination of the Zn 2+ ion. The pH-dependent absorption and emission spectra of compound L in the presence of equimolar amounts of Zn 2+ are shown in Figure 2 . A comparison of the absorption spectra in the absence and presence of metal does not show any significant difference. However, the fluorescence emission exhibits a much higher intensity, and the shape of the fluorescence emission titration curve presents a much narrower pH-dependent fluorescence window (Figure 2, C) . The mol-fraction distribution of the various species in solution are also represented superimposed on the fluorescence emission titration curve in part C of Figure 2 . Inspection of this figure shows the background emission from the free ligand up to pH 6.0, and for more basic pH values an emission whose shape and position can be attributed to the [ZnL] 2+ species. In this species the metal is bonded to the polyamine chain, thus preventing the PET from occurring (see Scheme 3) .
No interaction of the metal with the pyridine units is observed. This is confirmed by the lack of changes in the absorption spectra and absence of fluorescence quenching, which is expected when Zn 2+ is bonded to pyridine units. The 1 H NMR signals of Py2 and Py3 in the system Zn 2+ -L do not experience any shift with respect to the free ligand from pH 2.0 to 6.0, thus supporting this point (see Figure S2) .
At higher pH values the formation of hydroxo species leads to a quenching effect, as reported previously, [28] which explains the bell shape of the titration curve. One of the most remarkable aspects is the great increase in the intensity of the fluorescence emission when Zn 2+ is complexed to L (see Figure 3) , which exceeds the maximum intensity of the free ligand 10-fold.
The fluorescence decays of ligand L were obtained at the shorter and longer wavelength bands at different pH values. The data resulting from the best fitting, obtained with global or independent analysis of the decays (Table 3) show that the decays are properly fitted with double-exponential laws, according to:
where i = 1 for λ em = 335 nm and i = 2 for λ em = 450 nm. According to Table 3 , the shorter-lifetime component remains approximately constant with the pH (with an averaged value of ca. 3.4 ns) and the longer-lifetime component increases up to pH 7.0-8.0, decreasing thereafter. As reported in Figure 1 , the emission at pH values above 8.0 is due to the deprotonated HL and L species. In this situation the lone electron pairs of the deprotonated amines are able to effectively quench the emission of compound L. [29] This is revealed both by the decrease in the lifetime of this component as well as by the decrease of the total fluorescence emission, as shown in Figure 1 , B. Analysis of the lifetime Table 3 . Fluorescence decay times and pre-exponential factors (τ i and a ij ) for compound L in water as a function of pH. The data were obtained with excitation at 290 nm and emission at 335 nm and 440 nm. Also presented are the chi-squared values for a better judgment of the quality of the fits. data points to another important observation: the absence of a rise-time (negative pre-exponential) is associated with the shorter lifetime at λ em = 450 nm. The lack of a risetime (see below) might indicate that this new emission band should, presumably, possess some (small) CT degree; with improved time-resolution (ours is presently limited to 150 ps) it could be the case that a faster component, with a rising component, is present. However, with our current time resolution we were unable to visualize such a component. Based on our present data, this again presumably indicates that the 443 nm (maxima) emissive species (exciplex) results from a small CT degree contribution. In fact, exciplex formation due to CT interactions can involve excitedand ground-state molecules and be the driving force for its formation. However, based on our current data, we believe that we have a complex (presumably with some groundstate contribution) with CT character. However, even if the formation of the exciplex-type species (emission at 443 nm) does not show a strong dependence on the exciting light, it is clearly dependent on the pH of the medium. This can be viewed by the observation of the ratio of the emission at 335 nm vs. 443 nm, where it can be seen that this attains two maxima at pH 2.0 and pH 8.0.
In summary, the analysis of the fluorescence data (steady-state and time-resolved) suggest that the 443 nm emitting species can be interpreted as a charge-transfer complex A -D + which is stabilised by electron transfer form the donor (pyridine unit) to the acceptor (naphthalene) that is not totally unstable in its ground-state. In fact, it is unlikely, based on the arguments discussed above, that this equilibrium is only formed once the excited state is formed, but rather that it is already present (to some degree) in the ground state. Therefore, the off-on-off system is mainly due to the pH of the media and less to the action of light, contrary to other related systems previously studied by our groups. [25] Off-On-Off Behaviour According to the data reported in Figure 2 (C), Zn 2+ can be detected by the fluorescence emission intensity of its complex with tweezer L, in a very narrow pH window centred at around pH 8.0. In order to characterise the narrowness of the bell shape titration curve, it is useful to measure the width at half of the maximum of the fluorescence intensity. In the present system it is 1.9 pH units. This value compares with a value of about 3 for the system previously reported by A. P. de Silva. [1] Another aspect concerns the central pH value of the window, which is pH 8.2 in our system and about 6.5 in the one previously described by de Silva. Different to previously reported systems, our system presents the advantage of being soluble and therefore operative in aqueous 0.15  NaCl solutions. This ionic strength is close to that found in biological fluids.
Experimental Section
The synthesis of 1 was carried out as described previously. [12] 3-Naphthylmethyl-1,5-Diphthalimido-3-azapentane (2): [15, 16] 1,5-Diphthalimido-3-azapentane (1; 10.1 g, 36.2 mmol), 2-(bromomethyl)naphthalene (10.0 g, 45.2 mmol) and K 2 CO 3 (6.4 g, 45.2 mmol) were dissolved in 200 mL of CH 3 CN and the mixture was refluxed for 24 h under nitrogen. After filtration, the solvent was removed under reduced pressure. The resulting residue was mixed with 50 mL of water and extracted with dichloromethane (3 × 50 mL). The organic phase was dried with anhydrous sodium sulfate and the solvent was evaporated to yield a light-yellow oil. The oil was taken up in EtOH and precipitated as a solid, which was filtered to give 2. Yield: 6.85 (38 %). 1 4-(2-Napthylmethyl)-1,4,7-triazaheptane Tris(hydrochloride) (L1·3HCl): Compound 2 (6.9 g, 13.6 mmol) and hydrazine monohydrate (13.6 g 272 mmol) were dissolved in 400 mL of EtOH and the mixture was refluxed for 1 d under nitrogen. The precipitate was removed by filtration and the solvent was evaporated until the sample was dry. The resulting residue was dissolved in 300 mL of CHCl 3 and the solution was stirred for 12 h under nitrogen. The solution was vacuum evaporated to dryness to give the crude product. This product was dissolved in EtOH and was precipitated with aqueous HCl to obtain L as its hydrochloride salt (1.98 g, 42 % 
Emf Measurements:
The potentiometric titrations were carried out at 298.1 ± 0.1 K with 0.15  NaCl as the supporting electrolyte. The experimental procedure (burette, potentiometer, cell, stirrer, microcomputer, etc.) has been fully described elsewhere. [30] The acquisition of the emf data was performed with the computer program PASAT. [31] The reference electrode was an Ag/AgCl electrode in saturated KCl solution. The glass electrode was calibrated as a hydrogen-ion concentration probe by titration of previously standardised amounts of HCl with CO 2 -free NaOH solutions and the equivalent point determined by Gran's method, [32] which gives the standard potential, E°Ј, and the ionic product of water [pK w = 13.73(1)].
The computer program HYPERQUAD was used to calculate the protonation and stability constants. [30] The pH range investigated was 2.5-11.0 and the concentration of the metal ions and of the ligand ranged from 1 × 10 -3 to 5 × 10 -3  with M:L molar ratios varying from 2:1 to 1:2 The different titration curves for each system (at least two) were treated either as a single set or as separate curves without significant variations in the values of the stability constants. Finally, the sets of data were merged together and treated simultaneously to give the final stability constants.
Spectrophotometric and Spectrofluorimetric Measurements:
Absorption spectra were recorded on a Shimadzu UV-2501PC spectrophotometer and fluorescence emission on a Horiba-Jobin-Yvon SPEX Fluorolog 3.22 spectrofluorimeter at 25°C. HCl and NaOH were used to adjust the pH values, which were measured on a Metrohm 713 pH meter. All measurements were made in 0.15  NaCl.
Fluorescence decays were measured using a home-built TCSPC apparatus with an N 2 -filled IBH 5000 coaxial flashlamp as excitation source, Jobin-Yvon monochromators, Philips XP2020Q photomultiplier, and Canberra instruments TAC and MCA. Alternate measurements (1000 c.p.c.) of the pulse profile at 285 nm and the sample emission were performed until 1-2 × 10 4 counts at the maximum were reached. [33] The fluorescence decays were analysed using the modulating functions method of Striker with automatic correction for the photomultiplier "wavelength shift". [34] Supporting Information: As supporting information we include plots of the variations with pH of the 1 H NMR chemical shifts of protons labelled as py2, py3 ( Figure S1A ), Nb and pyb (Figure S1B) . Figure S2 plots the variations with pH of the chemical shifts of protons py2 and py3 in the absence and presence of Zn 2+ .
